Sediment-water interactions play an important role in influencing the water quality of aquatic systems. Water quality management of freshwater systems needs to take into account this behaviour, which depends largely on early diagenetic processes that condition the physical and biogeochemical properties of the sediment. Among these processes, the redox transformations resulting from the oxidation of organic matter by the microbial activity have a major influence on the biogeochemical properties of sediments. In particular, these reactions condition the vertical profiles of nutrient concentrations, pH and metals along the sedimentary column. This paper presents a method which couples both experimental and modelling approaches in order to characterise and analyse the biogeochemistry of freshwater sediments. The modelling approach is based on a coupling between biogeochemical processes and interstitial diffusion. As pore water pH influences the behaviour of the biogeochemical species, we have extended these models to allow for the calculation of pH by taking into account the inventory of protons consumed or produced by different biogeochemical reactions. In parallel, an analytical protocol has been developed to obtain vertical distributions of the main physicochemical parameters in natural sediments cores. To illustrate this approach, we apply our method to sediments cores sampled in the Durance, a river in the south-east of France.
Introduction
Sediment-water interactions play an important role in influencing the water quality of aquatic systems. For example, sediments may act as a sink for nutrients or trace metals remaining stocked after deposition and may therefore pose a risk to surface water quality and ecosystem health if environmental changes lead to release these stocks (Forstner & Wittmann 1981) . Water quality management of freshwater systems needs to take into account this behaviour, which depends largely on early diagenetic processes that condition the physical and biogeochemical properties of the sediment (deposition, erosion, consolidation, interstitial diffusion, bioturbation, remineralization of organic matter by bacterial activities). Of these processes, the redox transformations resulting from the oxidation of organic matter have a major influence on the biogeochemical properties of sediments. Different redox reactions occur in succession from the sediment water interface to the deeper layers according to the Gibbs free energy of the different electron acceptors (Froelich et al. 1979) : oxic respiration, denitrification, manganese hydroxide and iron hydroxide reduction, sulphate reduction, methanogenesis. These reactions influence physicochemical parameters such as pH, redox potential or dissolved oxygen, which decrease with increasing sediment depth. These transformations increase concentration gradients and consequently lead to increased diffusive flux along the sediment column and between the sediment and the water columns. As these diffusive fluxes may affect the biogeochemical and ecological functioning of the hydrosystems (Middelburg & Soetaert 2005) , a quantitative understanding of the interactions and controls of sediment biogeochemistry is needed to determine the long term fate of nutrients and pollutants in aquatic sediments. To this end, reactive transport models have been developed (Berg et al. 2003 , Berner 1980 , Boudreau 1997 , Soetaert et al. 1996 , Tromp et al. 1995 Wang 1997, Wang & Van Cappellen 1996 , Wijsman et al. 2002 to simulate the complex interplay of reactions and transport processes in sediments.
In this paper we present a method which couples both experimental and modelling approaches in order to characterise and analyse the biogeochemistry of freshwater sediments. The modelling approach is based on a coupling between biogeochemical processes (Wang & Van Cappellen 1996) and interstitial diffusion (Boudreau 1996a , Boudreau 1996b . As pore water pH influences the behaviour of the biogeochemical species (Sigg et al. 2001) , we have extended the existing model to allow for the calculation of pH by taking into account the inventory of protons consumed or produced by different biogeochemical reactions. In parallel, an analytical protocol has been developed to obtain vertical distributions of the main physicochemical parameters in natural sediments cores. To illustrate this approach, we apply our method to sediments cores sampled in the Durance, a river in the south-east of France.
Modelling
The variables considered in the model are the concentrations of 18 chemical species considered in three potential phases (particulate (P), dissolved (D) and colloidal (C)) and in function of the depth (z) and the time (t) ( Table 1) , which depend on the early diagenesis processes and interstitial diffusion of their mobile phases. In this table, the sums of carbonates, phosphates, sulphides and ammonia are calculated from the contributions of their different dissolved ionic forms :
For each species, the particulate phase includes the fraction of the species adsorbed onto solid particles (diameter > 0.45 µm), those that are incorporated into the sediment, as well as those precipitated. The modelling proposed in this paper is divided into three linked sub-models : 1) interstitial diffusion of dissolved and colloidal species, 2) biogeochemical reactions and 3) pH determination. These three sub-models are described in the next sections.
Interstitial diffusion
Interstitial diffusion generates spatial displacements along the sediment column of the colloidal and dissolved species composing pore water. The interstitial diffusion sub-model applied Fick's first law :
where D Sed (z) (m.s -2 ) is the coefficient of interstitial diffusion of a dissolved substance in the sediment (Boudreau 1997 , Boudreau 1999 . As molecules must follow convoluted paths to circumvent the sediment particles, the values of this parameter are lower than those of D m (z), the coefficient of molecular diffusion of a solution in water. D sed is related to D m by the following relationship (Berner 1980) :
where θ(z), the sediment tortuosity is related to the sediment porosity n(z) by the following relationship (Boudreau 1997) : We determined porosity profiles by fitting Athy's relationship (Boudreau 1997) 
The model is constructed with the five primary and nine secondary chemical reactions (Wang & Van Cappellen 1996 , Wijsman et al. 2002 presented in tables 2 and 3.
From these chemical reactions, the variations of the different species are given by: where n 0 and n ∞ are the porosity at the sediment water interface and at infinite depth, respectively, and τ (cm -1 ) is a coefficient of attenuation.
We consider that the coefficient of molecular diffusion is the same for all the mobile species, and for the purposes of this model we use the value reported by Boudreau (Boudreau 1997 , Boudreau, 1999 .
Biogeochemical modelling
The biogeochemical modelling follows the approach developed by Wang & Van Cappellen (Van Capellen & Wang 1997 , Wang & Van Cappellen 1996 , Wijsman et al. 2002 and involves the primary and the secondary reactions resulting from the organic matter oxidation by micro-organisms present in the sediment. The primary reactions are aerobic respiration, denitrification, mnO 2 and Fe(OH) 3 reduction and sulphate reduction. The secondary reactions are the precipitation of carbonate and sulphide phases with dissolved Fe and Mn and the eventual re-oxidation by O 2 . We have added into the previous models the processes of calcite precipitation/ dissolution, which allows us to determine the pH of pore water (see next section).
We suppose that the particulate (P) and colloidal (C) forms of manganese and iron oxides have the same biogeochemical behaviours. Consequently, we directly determine the variations of their total concentrations (T) :
where n(z), the porosity and ρ sed (g.l -1 ), the sediment density were measured experimentally.
Equations
In contrast to the models based on the multi-G theory that involve several pools of organic matter characterized by different mineralization kinetics (Boudreau 1999 , Soetaert et al. 1996 , Wang & Van Cappellen 1996 , Wijsman et al. 2002 , we consider that there is only one pool of organic matter ((CH 2 O) x (NH 3 ) y (H 3 PO 4 )) where the molar C/P and n/P ratios are given by the redfield numbers (x = 106 and y = 16). The different pathways of mineralization are described by first-order kinetics, all controlled by the same rate constant (k Min ). (4) For the primary reactions, the reactions rates are described by a Michaelis-Menten kinetics based on a competition between a limitation term modelled by a Monod-type hyperbolic limitation function (Soetaert et al. 1996 , Wijsman et al. 2002 )and an inhibition term described by a reciprocal hyperbolic function (Soetaert et al. 2007 , VanCappellen & Wang 1997 , Wijsman 2001 : This equation represents the sequence of degradation pathways described by Froelich (1979) where the classification of the electron acceptors in the order of their free energy is :
2-). The reactions rates of the five primary reactions are given by :
The secondary reactions involve re-oxidation and precipitation. The reaction rates for precipitation/dissolution reactions depend on the degree of saturation (Ω R ) of the pore water for the concerned species :
where If Ω R (z,t) > 1, the precipitation takes place at the rate:
If Ω R (z,t) < 1, the dissolution of AB takes place at the rate: where
and
are the forward and backward first-order rate constants respectively.
The formation of pyrite is described by bi-molecular rate kinetics (Rickard 1997 , Rickard & Luther III 1997 :
is the first order rate constant of the reaction.
The reaction rates of the re-oxidation reactions are described by bi-molecular reaction rate laws (Wang & Van Cappellen 1996) The reaction rates for the four re-oxidation reactions are :
Parameters
The values of the different parameters involved in these equations are obtained by fitting our model on analytical results (see experimental protocol section). Their relevance is evaluated by comparing our values to those found in the literature (Table 4) . which depend on a complex set of reactions which control the acid-base properties of pore water (Jourabchi et al. 2005 ). In our model, pH is a calculated function and not a forced function as in other studies (Wijsman et al. 2001) . Here, pH is calculated from the concentrations of the ionic species present in the pore water by considering :
1. the production and the consumption of protons by the biogeochemical reactions (Table 5 ) (Soetaert et al. 2007 ). 2. the following acid-base equilibria (Boudreau 1997 ) :
These two points are linked by the mass conservation of the chemical species and the equation of electroneutrality.
We determine pH from the ionic concentrations provided by the previously described biogeochemical model in three successive steps: 1) resolution of the acid-base equilibria, 2) conservation of mass and 3) deduction of the proton concentration from the equation of electroneutrality. These three steps are described below. (Gutjahr et al. 1996a , Gutjahr et al. 1996b 
Acid-base equilibria
The acid-base reactions are characterized by their equilibrium constants (Sigg et al. 2001 ) :
• Carbonate acid-base equilibria
• Sulphur acid-base equilibria
• Phosphate acid-base equilibria
• Ammonia acid-base equilibrium:
• Hydrolysis:
The pH of pore water in freshwater sediments generally ranges from 6 to 9. Consequently, the equilibria (s 2 , p 1 et p 3 ) were not considered because the concentrations of the concerned species (S 2-, H 3 PO 4 , PO 4 3-respectively) are negligible in the relevant pH range.
Mass conservation
The acid-base equilibria introduce the different ionic forms of carbonates, phosphates, sulphurs and ammonia while the biogeochemical modelling resolves the total concentrations of these species without taking into account their speciation. This speciation is then determined by combining acid-base equilibria and the mass conservation of these four species : 
It is now possible to write the ionic concentrations of these four species in function of their total concentrations (previously calculated) and of the proton concentration.
Equation of electroneutrality
Finally, the concentration of protons in pore water is determined by introducing the previous equations into the electroneutrality equation:
By writing this equation in function of all ions modelled in pore water, the proton concentration becomes the only unknown :
Method of resolution
The resolution is performed with a one dimensional finite difference method based on an explicit numerical scheme. The sediment core is represented by a vertical column of height h (m), which is represented by ndz (= h/∆z ) discrete elementary layers having a thickness ∆z (m) (Fig. 1) . The simulated period T is represented by ndt (= T/∆t) time steps ∆t. From these considerations, a variable A, associated to the layer idz at the time iteration idt is noted: 
Resolution of the interstitial diffusion model
The equation of diffusion is resolved for each mobile phase (dissolved and colloidal) with a numerical method based on the following explicit finite differences scheme (Fig. 2) : where and We consider that diffusion can not occur beyond the last section. The limit condition at this section is then written :
Resolution of the biogeochemical model
The resolution of the biogeochemical model is based, for all the species, on the following general form :
where V R * are the reaction rates calculated from the concentrations provided by the previous step and noted * and α(C,r) are the stoichiometric coefficients of the species C in the reaction R.
For iron and manganese oxides, the model is applied to the total concentrations given by :
After resolution, the concentrations of the particulate and colloidal forms of these oxides are obtained by admitting the conservation of their ratio : and and
Resolution of pH
This resolution constitutes the end of the procedure. is then iterated while . The retained value is thus obtained when this last condition is not met.
Analytical protocol
The modelling previously described is applied to vertical distributions of physicochemical parameters in natural sediment cores obtained by the following analytical protocol (Fig. 3) : 1) sampling of natural sediment cores, 2) analysis of the vertical profiles of chemical parameters (pH, redox, O 2 ), 3) vertical sectioning and separation between pore water and solid matter. 4) On each sub sectioned sample: 1. chemical analysis of each phase: organic matter, nutrients and metal content. 2. physical analysis: grain size, solid matter density, water content and porosity. For purposes of clarity, we limit the presentation of analytical results to profiles of O 2 , which initiates the biogeochemical processes and pH, which integrate all the processed considered. O 2 and pH measurements were made with Unisense microsensors every 0,2 cm for the first 2 centimetres and every 0,5 cm thereafter. For dissolved O 2 , the Unisense oxygen microsensor is a miniaturized Clark-type sensor with an internal reference and a guard cathode. The sensor is connected to a high-sensitivity picoammeter such as the Unisense PA200. Driven by the external partial pressure, oxygen from the environment penetrates the sensor tip membrane and is reduced at the gold cathode surface. The picoammeter converts the resulting reduction current into a signal, which is converted into a dissolved O 2 concentration equivalent (Garcia & Gordon 1992) . The Unisense pH microelectrodes are miniaturized glass electrodes. When the electrode tip is immersed in an aqueous solution and connected via a high-impedance millivoltmeter to a reference electrode immersed in the same solution, the pH electrode tip develops an electric potential relative to the reference electrode, which reflects the acidity of the solution. Fig.1 describes the analysis performed to obtain the other physicochemical parameters and nutrients.
Application on natural sediments
In this section we present an application of this approach (analysis and modelling) to sediment cores collected near Beaumont de Pertuis in the Durance river (south of France) in July and november 2007. For these applications, we consider only the first 8 to 10 cm of the sediment cores, which are represented as discrete section of 0.1 cm depth. The time step is adjusted to ensure numerical stability. We suppose that the vertical distributions of the different parameters measured in the cores correspond to steady state conditions. The calculations are then performed until a steady state is reached and model results are finally compared to analytical results.
The initial and limit conditions should be representative of the long term exchanges between the sediment and the water column (deposition, erosion, diffusion, etc) . As this information is not available, we assume an equilibrium state at the sediment-water interface so the initial and limit conditions are assumed to be constant and equal to the measurements done on the first layer of the core ( 
Dissolved oxygen profiles
The analytical profiles (Fig. 4) show that concentrations of dissolved O 2 decrease strongly within the first millimetres of the sediment column, becoming totally anoxic at 1 centimetre of depth. The model attributes this decrease to bacterial aerobic respiration and allows for the determination of the organic matter mineralization constants. We observe that the values of these constants are higher in July 2007 than in November 2007, suggesting that the mineralization of organic matter by the biological activity is faster in warmer temperatures. Moreover, this is accentuated by the increase of par- (Hartog 2003 , Serve et al. 1999 ) have confirmed such an increase in the production of particulate organic matter (planktons, algae, etc) and of an increased degradation by bacterial activity in summer. This result emphasises the effect of the seasonal variations of bacterial activity on the biogeochemical functioning of the sediments.
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pH profiles
The pH profiles show a slight decrease (Fig. 5) , with the maximal variation of one pH unit over the entire sedimentary column. The greatest decrease occurred within the uppermost 2 centimetres of the sediment, below which pH variation becomes negligible. In this depth interval, pH variations depend mainly on oxygen behaviour, which is totally consumed by aerobic respiration. This reaction produces H + ions, decreasing the porewater pH. Moreover, other biogeochemical reactions such as nitrate and sulphate reduction or oxidation by O 2 take place at this depth interval, also contributing to the production of H + ions. The only biogeochemical reactions responsible for the consumption of H + ions are calcite dissolution and manganese and iron oxide reduction (table 5) . The biogeochemical kinetic constants obtained by fitting the model on the analytical profiles are well within the range of values found in the literature (table 7) , highlighting the complementarity of the analytical and modelling approaches to analyse and understand the functioning of the sediments.
Conclusions
This paper presents an approach coupling modelling and analytical protocols in order to analyse the vertical profiles of physico-chemical parameters in sedimentary columns of freshwater systems. The modelling approach links bio-geochemical processes (VanCappellen & Wang 1997) and interstitial diffusion (Boudreau 1996a , Boudreau 1996b ). unique to this approach is the determination of pH which extends and complements existing models. At the same time, we have developed an analytical protocol to obtain the vertical profiles of the main physicochemical parameters of natural sediment cores. To illustrate this approach, we present two applications in sediment cores sampled in July and November 2007 in the Durance, a river in the south of France. These applications show that the model and the analytical protocol allow to analyse and to understand the biogeochemical functioning of the sediments. In particular, the O 2 and pH profiles are correctly represented by the model. This approach will be completed to analyse the behaviour of trace metals along the sedimentary column in view to guide management efforts to improve water quality and ecosystem health of current waters. To this end, the model could be linked to any water quality model to examine the effects of biogeochemical 
